Purified serum amyloid P component (SAP), the major acute-phase reactant of mice, augmented the in vitro listericidal activity of inflammatory (elicited) 
SAP possesses a high-affinity Ca2'-dependent binding site for the 4,6-cyclic pyruvate acetal of the galactan in most agarose preparations (12) . Endogenous concentrations of SAP among inbred mouse strains vary over a wide range, but still function as a typical APR in all of the strains (25) . Recently it was shown that SAP levels in mice are controlled by a major locus, designated Sap, that is closely linked to the Mls and Ly-9 loci on the distal portion of chromosome 1 (27) . The biological significance of the genetically controlled SAP levels in the inbred mouse strains remains unknown, since no well-defined role for SAP has been established (30) .
Natural resistance to infection with the facultative intracellular pathogen Listeria monocytogenes in mice is controlled by a single, dominant gene not linked to H-2 (4, 35) , and this natural resistance is mediated by monocytes and macrophages (18) . C57BL/6 (B6) and closely related strains are relatively resistant to listeria (Lr), while strains such as A/J, C3H/HeJ, and DBA/2 are more susceptible (LS) (35) .
The strain difference in susceptibility to L. monocytogenes infection has been attributed to the rapid mobilization of significantly greater number of macrophages (36) or neutrophils (6) to the infected (inflammatory) site in Lr strains than in LS strains. A defect in the infiltration of phagocytic cells into infected sites in some Ls strains has been associated with C5 deficiency (10) . Elicited peritoneal macrophages of * Corresponding author. mice can be activated for killing L. monocytogenes either by sublethal infection of the host (11) or by incubating the macrophages in vitro with lymphokine (LK) preparations (5, 11, 15) . CRP, a pentraxin which shares 70% amino acid sequence homology with SAP (30) , has been shown to be a potent activator of mouse macrophages for tumoricidal function when it is delivered in vivo encapsulated in liposomes (2, 7) . The investigations reported here showed that purified mouse SAP enhanced nonimmune mouse macrophage listericidal activity; however, the response was influenced by the genetic background of the macrophages.
MATERIALS AND METHODS
Mice. Inbred strain A/J, C57BL/6J, C3H/HeJ, and C3H/HeN mice were purchased from the Jackson Laboratory, Bar Harbor, Maine. Strains C57BL/1OSN and C57BL/1OScN were obtained from Harlan Sprague-Dawley, Indianapolis, Ind. Mice were housed in a portable containment system (model PCS-80; Hazelton Labs, Bethesda, Md.) with an airflow of 25 ft3/min (0.7 m3/min). The housing minimized changes in endogenous levels of APRs (25 (37) , with modifications to recover the cells as described by Warren and Vogel (38) . BM cells were harvested by flushing a femur with alpha minimal essential medium (GIBCO Laboratories, Grand Island, N.Y.) supplemented with L-glutamine (2.0 mM), gentamicin (50 ,ug/ml), and 7.5% sodium bicarbonate solution. To culture BM cells, the medium was further supplemented with 10% FBS and 10% L-cell-conditioned medium as a source of macrophage colony-stimulating factor 1 (complete alpha minimal essential medium). BM cells (107 cells in 10 ml) in complete alpha minimal essential medium were transferred to a T-75 flask and incubated for 24 h to allow the strongly adherent cells (especially fibroblasts) to attach, leaving the macrophage colony-forming cells in suspension. The nonadherent BM cells at a density of 2 x 105 cells per ml in fresh complete alpha minimal essential medium were transferred to another T-75 flask. After 7 to 10 days the BM monocyte precursors had proliferated and differentiated into monocyte colonies of 20 to 50 cells, which were recovered by using the neutral protease Dispase II (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) (38) . Viability of the recovered monocytes was >95%, with a yield of 60 to 80%. The cells were then added to a 24-well plate exactly as described below for the listericidal assay.
Binding of SAP by macrophages. (Fig. 1) . The maximum enhancement of the listericidal activity of macrophages from both Lr and Ls strains occurred at SAP concentrations of .5.0 p.g/ml. Macrophages from the Lr strain (C57BL/6J) showed significantly greater listeria killing than macrophages from strain A/J (Fig. 1) . When macrophages from the Lr strain were exposed to 5.0 ,ug of SAP per ml for 0.5 to 16 .0 h, we found that only a 2.0-h exposure was necessary for maximum enhancement of the listericidal activity (Fig. 2) . Upon exposure to 5.0 ,ug of SAP per ml, resident macrophages from either strain did not display significantly enhanced listericidal activity ( sure to SAP ( Table 2 ). The BM-derived macrophages from C57BL/6J mice exhibited significantly greater killing activity than those from A/J mice.
Macrophages were also isolated from a subcutaneous inflammatory site induced by sterile polyacrylamide beads. Upon incubation with SAP, these macrophages also displayed enhanced listericidal activity; the treated C57BL/6J macrophages were significantly more responsive than the A/J macrophages (Table 3) . Therefore, monocytes or macrophages from different anatomical sites were responsive to mouse SAP.
Effect of sugars on SAP-enhanced listericidal activity. Elicited macrophages from C57BL/6J mice bind SAP that can be readily detected on approximately 30% of the cells by peroxidase staining. Of a large variety of substances tested, only certain mannose-based sugars inhibited the binding of Effect of SAP on the listericidal activity of macrophages from LPS-hyporesponsive mice. To determine whether the SAP-induced enhancement of macrophage listericidal activity was a response to small amounts of LPS in the SAP, macrophages from LPS-responsive mouse strains C57BL/1OSNJ (Lr) and C3H/HeN (Ls) were compared with macrophages from LPS-hyporesponsive strains C57BL/ lOScN (Lr) and C3H/HeJ (Ls). Our results showed that macrophages from strains C57BL/1OSNJ and C57BL/lOScN responded to SAP with a significant increase in listericidal activity, whereas the response of the macrophages from the C3H/HeN and C3H/HeJ mice was minimal ( Table 5 ). The LPS responsiveness of the donor strain of the macrophages had no influence on the SAP-enhanced listericidal activity. Removal of the small amount of LPS from the SAP preparation was attempted by passing the preparation through a Detoxi-gel column (Pierce Chemical Co., Rockford, Ill.) containing polymyxin B linked to agarose beads. Although this procedure lowered the LPS content by 50% to 0.025 to 0.050 ng/ml, it had no significant effect on the ability of SAP to enhance the listericidal activity of macrophages (data not shown).
Effect of SAP on phagocytosis. One possible mechanism by which SAP may increase the listericidal activity as measured by our assay is to enhance phagocytosis. Therefore, macrophages were incubated in suspension with SAP for 90 min and exposed to listeria cells for only 30 min; SAP did not alter the proportion of macrophages ingesting bacteria or the mean number of bacteria per macrophage over a 30-min period (Table 6 ). In addition, the zero-time number of CFU in the listericidal assay was not altered by the presence of SAP (Fig. 1) . In other experiments, SAP was added to suspensions of L. monocytogenes to see whether it directly opsonized the bacteria; however, no significant uptake was mediated by SAP. It is unlikely that SAP enhanced the listericidal activity by augmenting the uptake of listeria. Activity of SAP compared with other serum proteins. To determine whether the activity displayed by SAP was a nonspecific effect by a protein, other serum proteins were tested in the listericidal assay. Macrophages exposed for 2.0 h to purified mouse immunoglobulin G (IgG) (0.1 to 40 ,ug/ml), mouse IgA myeloma (0.1 to 50 ,ug/ml), human IgG (1.0 to 40 ,ug/ml), or human CRP (0.1 to 10 ,ug/ml) did not display the enhanced listericidal activity observed with purified mouse SAP. Representive data from one of three similar experiments are shown in Table 7 .
Effect of SAP on LK-dependent listericidal activity. Since LK preparations can activate elicited macrophages to become bactericidal in vitro, we wished to determine whether SAP influenced this activity. No change in the SAPenhanced macrophage listericidal activity was observed when macrophages were exposed to 5.0 ,ug of SAP per ml and suboptimal dilutions of LK for 2 h simultaneously (Fig.  3 ). However, the activation level was already maximal (approximately 90%), and thus any additional activity could not be detected. Therefore, to determine whether any syn- ergy between SAP and LK existed, macrophages were exposed to suboptimal amounts of SAP ('1.0 ug/ml) and LK (dilution, >1:16) simultaneously. No synergy between LK and SAP was observed (Table 8) .
DISCUSSION Inbred mouse strains vary in both their nonimmune or natural resistance to early stages of infection with L. monocytogenes (4, 10, 18, 35, 36) and their endogenous SAP levels (25) . We previously reported that induced SAP levels during the first 24 h of infection correlated with the organ burden of listeria in both resistant and susceptible mouse strains (26, 34) . Both high endogenous levels and very high induced levels (milligrams per milliliter) of SAP were associated with listeria susceptibility in mouse strains A/J, DBAI2, and C3H/HeJ; however, the blood level of SAP may not reflect its function in the liver and spleen, the two major sites of infection following intravenous challenge with L. monocytogenes (28) . The high levels observed by days 2 and 3 may reflect the extent of tissue damage by 24 h of infection (26) . The apparent contradiction between elevated blood levels of SAP and lack of increased resistance was the basis for these studies since testing of purified SAP and a relatively pure population of macrophages should enable us to detect whether SAP influences macrophage functions clearly related to relative resistance to listeria (5, 6, 18, 28, 36) .
The observations reported in this paper demonstrate that (8, 14) . Mouse SAP is a glycoprotein that may contain mannose, although the carbohydrate composition has not been determined, and mannose is the most abundant sugar in glycosylated proteins and would be expected to be present (30) . Fully activated Mycobacterium bovis BCG-induced macrophages failed to bind detectible SAP (33) , an observation consistent with the progressive loss of mannose receptors from macrophages during activation (8, 14) . Whether SAP is selectively bound by inflammatory macrophages and therefore functions via a specific receptor remains to be determined. It should be noted that binding of human macrophages to immobilized SAP has been reported to activate complement receptors, resulting in the phagocytosis of C3b-coated particles (40) . SAP does not contain detectable amounts of mouse gamma-interferon, a well-documented potent activator of macrophage tumoricidal activity (1) .
Human CRP is considered the prototype APR because it increases up to 103-fold in concentration (19) ; it is also closely related by several molecular criteria to SAP (30) . CRP delivered encapsulated in liposomes has been shown to activate mouse macrophages to display tumoricidal activity (2, 7); however, mouse SAP did not activate when it was tested in the same assays (2) . The dissociation between tumoricidal and microbicidal activities by macrophages has been noted before (39) and probably reflects distinct mechanisms for each function (1, 23) . CRP occurs in only nanogram-per-milliliter amounts in the blood of mice and is probably not an APR in this species (21, 30) . CRP has been shown to enhance mouse macrophage production of superoxide anion (2), a microbicidal chemical; however, in preliminary tests SAP did not enhance hydrogen peroxide production induced by phorbol myristic acetate, but did increase background levels by twofold. Reactive oxygen intermediates generated by an oxidative burst in macrophages can kill intracellular L. monocytogenes (22) . However, lysosomal enzymes also play a role in the bactericidal activity of macrophages, and the effect of acute-phase proteins on the activity of these enzymes has not been examined.
The infection of mice or macrophages with L. monocytogenes has been extensively used as a model of both T-cell (LK)-dependent resistance (5, 15, 22, 28) and natural resistance (4, 6, 10, 18, 36) to intracellular microbial pathogens. Since mononuclear phagocytes, especially monocytes, have been implicated in adoptive transfer of natural or nonspecific resistance to listeria (18, 35) , it would be logical to examine blood proteins such as APRs which might influence the behavior of these cells during the early stages of infection. Although SAP has a modest enhancing effect on in vitro listericidal activity, it might influence the behavior of the cells during the early stages of the infection and may be present in sufficient quantities in the in situ environment of the monocytes and fixed macrophages to alter the outcome of the early stages of an acute infection with an intracellular microbial pathogen. Our results indicate that strain C57BL/6J and A/J macrophages differ dramatically in their responses to SAP, with strain A/J macrophages displaying an intrinsic defect in their responsiveness.
